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In late summer, nitrogen-fixing cyanobacteria Nodularia spumigena and Aphanizomenon flos-aquae form
blooms in the open Baltic Sea. N. spumigena has caused several animal poisonings, but Baltic A. flos-aquae is
not known to be toxic. In this laboratory study, performed with batch cultures, the influences of environmental
conditions on the biomass and nitrogen fixation rate of N. spumigena and A. flos-aquae were compared and the
toxin (nodularin) concentration produced by N. spumigena was measured. Several differences in the biomasses
and nitrogen fixation rates of N. spumigena and A. flos-aquae were observed. A. flos-aquae preferred lower
irradiances, salinities, and temperatures than N. spumigena. The biomass of both species increased with high
phosphate concentrations and with accompanying bacteria and decreased with unnaturally high inorganic
nitrogen concentrations. Nodularin concentrations in cells and growth media, as well as nitrogen fixation rates,
were generally highest under the conditions that promoted growth. Intracellular nodularin concentrations
increased with high temperature, high irradiance, and high phosphate concentration and decreased with low
and high salinities and high inorganic nitrogen concentrations. Nodularin concentrations in growth media
increased with incubation time, indicating that intracellular nodularin was released when cells lysed. The
different responses of 4. flos-aquae and N. spumigena to changes in salinity, irradiance, and temperature may
explain the different spatial and temporal distribution of these species in the Baltic Sea. According to the
results, toxic N. spumigena blooms may be expected in late summer in areas of the Baltic Sea with high

phosphorus concentrations and moderate salinity.

Late-summer blooms of heterocystous cyanobacteria are
common in the Baltic Sea, the largest brackish water basin in
the world. Based on the satellite data, it has been suggested
that cyanobacterial blooms have increasingly expanded there
into new areas (13). Nodularia spumigena and Aphanizomenon
flos-aquae are the dominant cyanobacterial species found in
the open Baltic Sea. A. flos-aquae is not known to be toxic (36),
but several blooms of N. spumigena have been associated with
the poisonings of animals (for a review, see reference 24).

N. spumigena produces nodularin, a cyclic pentapeptide hep-
atotoxin with the structure of cyclo(-p-erythro-B-methyl-Asp-L-
Arg-Adda-p-Glu-N-methyldehydro-B-aminobutyric acid), in
which Adda is (25,35,85,95)-3-amino-9-methoxy-2,6,8-tri-
methyl-10-phenyldeca-4,6-dienoic acid (29, 36). A similar cy-
clic pentapeptide, motuporin, has been recently isolated from
a marine sponge, Theonella swinhoei, in which the compound is
probably produced by a symbiotic cyanobacterium (6). Three
new minor variants of nodularin have been characterized from
a bloom and a culture of N. spumigena from New Zealand (23).
During the study of the biosynthesis of nodularin, linear non-
toxic peptides, thought to be precursors of nodularin, have
been isolated from cultured N. spumigena (30).

Cyanobacterial hepatotoxins such as nodularin inhibit
serine/threonine-specific protein phosphatases 1 and 2A,
which leads to the disruption of the structure and function of
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intermediate filaments and microfilaments in the liver (4).
These inhibitors of protein phosphatases can accelerate tumor
development in nonlethal doses (4). In acute doses, the ani-
mals die of hemorrhagic shock in a few hours (4). The acute
toxicity of nodularin is 70 g kg~ (intraperitoneally in mouse)
(33). In blooms, the concentration of nodularin often rises high
enough to cause a health risk for animals and humans. How-
ever, the role of nodularin for N. spumigena or its effect on
water environments is not known yet. Hepatotoxic N. spumi-
gena blooms have been observed in all areas of the Baltic Sea
except in the most northern part of the Gulf of Bothnia, the
Bothnian Bay (15, 36).

An important reason why N. spumigena and A. flos-aquae are
capable of forming blooms in the nitrogen-depleted water mass of
the Baltic Sea in the late summer is their ability to fix dinitrogen.
However, these species differ from each other in ecology, dem-
onstrated by the fact that N. spumigena is absent from the
surface waters during most of the year, while A. flos-aquae is
found there during the whole year (reference 25 and refer-
ences therein). Also, the vertical and horizontal distributions
of these two species differ in the Baltic Sea (18, 25). In order
to obtain information of the codominance of these species in
the late summer blooms, we used batch culture experiments to
study the effects of a number of environmental factors on
biomasses, nitrogen fixation rates, and nodularin concentrations.
A knowledge of the physiological responses of these species is
essential for understanding cyanobacterial bloom dynamics in
the Baltic Sea. This study was facilitated by the successful
isolation of the Baltic 4. flos-aquae strain and the purification
of axenic clones of Baltic A. flos-aquae and N. spumigena.

MATERIALS AND METHODS

Organisms. Hepatotoxic Nodularia spumigena BY1 (36, 37) and nontoxic
Aphanizomenon flos-aquae TR183 (this study) were isolated from blooms in the
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TABLE 1. Growth conditions used in experiments with A. flos-aquae and N. spumigena strains from the Baltic Sea

Condition(s)
Expt Accompanying oC Light flux Salinity PO,-P NH,/NO;-N
bacteria Temp (°C) (pmol m~2 s 1) (%0) (ng liter™1) (pg liter ™)
Accompanying bacteria * 20 25 5 5,500 0
Temp - 7, 10, 13, 16, 25 5 5,500 0
19, 22, 25,
28
Light flux - 20 2, 25, 45, 105, 115, 5 5,500 0
155
Salinity + 20 25 0, 5, 10, 15, 5,500 0
20, 30
Phosphorus concn - 20 25 5 0, 0.2, 2, 20, 200, 0
1,700, 5,500
Nitrogen concn and source - 20 25 5 5,500 0, 20, 200, 2,000,

42,000

Arkona Sea (55°00.00'N, 13°18.00'E), and the Gulf of Finland (59°12.85'N,
22°02.5'E). The isolation of the A. flos-aquae strain was done as described before
for N. spumigena (37), except that the salt concentration of the growth medium
was lowered (0 to 5%o). Axenic cultures of both strains were obtained by the soft
agarose-plating method (32).

Batch experiments. The effects of accompanying bacteria, temperature, light
flux, salinity, phosphate, and different inorganic nitrogen sources and concentra-
tions were studied in separate experiments (Table 1). Responses in biomasses
(chlorophyll a, dry weight, and total protein), nitrogen fixation rates, and toxin
concentrations were monitored with four, three, and two replicates, respectively.
The effects were observed for 21 days, except in the phosphorus experiment
where N. spumigena was grown for 43 days, due to slow growth (dry weight and
nitrogen fixation rate were not measured on day 43). The experiments were done
in batch cultures in temperature-controlled water baths under continuous illu-
mination as described earlier (17). The growth medium was Z8 with salt added
and nitrogen omitted (reference 37 and references therein), except in experi-
ments where the salinity was changed by adding different amounts of a mixture
of NaCl (87.5 g liter ') and MgSO, - 7H,0 (37.5 g liter ') or where the con-
centration and source of nitrogen were modified by adding an appropriate
amount of NaNO; or NH,Cl. In the phosphorus experiment, the concentration
of phosphate was reduced by replacing some or all of K,HPO, - 3H,O with KCl
in order to obtain the desired experimental phosphorus concentrations. Inocula
were grown at a temperature of 20°C and a light flux of 25 pmol m~2 s~ ! in the
modified Z8 medium for 7 days. In the phosphorus experiment the inocula were
grown without phosphate to deplete cellular phosphorus reserves. The inoculum
was 5 ml per 100 ml of growth medium.

Analyses. Samples were taken six times from the cultures during the study
period, except in the phosphorus experiment, where N. spumigena was sampled
seven times. In all experiments, culture purity was checked on TGY (tryptone-
glucose-yeast extract) plates which were incubated at 28°C for 5 days (1). In the
bacterium experiment, bacterial numbers were counted by using the acridine
orange method (8), and bacterial production was measured by thymidine incor-
poration (2). In preliminary experiments, 50 nM thymidine (specific activity, 5 Ci
mmol~!; Amersham) was found to saturate the thymidine uptake of the nonax-
enic N. spumigena culture, but the thymidine uptake increased until the thymi-
dine concentration was as high as 200 nM in the nonaxenic A. flos-aquae culture
(data not shown). However, 50 nM methyl->H-thymidine was used for experi-
ments with both strains. After the incubation of a 5-ml sample under the same
light and temperature conditions as during the whole study period, 100 pl of
formalin was added to the samples. The samples were then filtered onto cellulose
nitrate filters (Sartorius) and rinsed ca. 9 or 10 times with 1 ml of ice-cold 5%
trichloroacetic acid. After addition of 10 ml of scintillate (Instagel), the radio-
activity on the filters was measured with a Wallac 1411-001 scintillation counter
(Turku, Finland). Three different biomass parameters were measured. Dry
weights and chlorophyll a concentrations were determined as previously de-
scribed (17, 38). Total protein contents were determined at 500 nm by the
method of Lowry with bovine serum albumin as a standard (7). Nitrogen fixation
rates were measured by the acetylene reduction technique as described earlier
(22). The rates per volume were normalized to the concentration of chlorophyll
a to obtain the nitrogenase activities per biomass unit. The cyanobacterium
samples were fixed with Lugol’s solution, and the filament length and heterocyst
frequency were measured for at least 50 filaments from each sample by using
light microscopy. Nodularin from the cells was analyzed by high-performance
liquid chromatography (Hewlett Packard 1090M chromatograph) with an inter-
nal surface reverse-phase column (Pinkerton GFF-S5-80; inner diameter, 150 by
4.6 mm; Regis Chemical Company) and pure nodularin as a quantitative stan-
dard (17, 21). Nodularin concentrations from growth media were analyzed as cell
samples after the nodularin was concentrated by using C,g octadecyl cartridges

(Bond Elut; Varian) as previously described (17). Intra- and extracellular toxin
values were normalized to measurements of dry weight and chlorophyll a, re-
spectively.

Statistical analyses. The relatedness of different parameters was tested with
correlations (SPSS for Windows 6.0, 1993, and Matlab for Windows 3.1, 1994).
Because of a large number of zero values, the chlorophyll a concentration,
nitrogen fixation rate, and intracellular toxin concentration data were not nor-
mally distributed (normality tested by Lilliefors test). Therefore, nonparametric
tests (Spearman and Kendall rank correlation coefficients) were used to evaluate
the degree of correlations among chlorophyll a concentrations, nitrogen fixation
rates, and intracellular toxin concentrations (SPSS). In order to compare the
different methods of biomass measurement, total protein, chlorophyll a, and dry
weight data were In-transformed before using the parametric test (Pearson cor-
relation coefficient). Multiple regression analysis (Matlab) was performed for
chlorophyll a data for each experiment except for the experiment with accom-
panying bacteria. First, a transformation between original and coded variables
was computed; then, interaction terms of test variables were appended to ma-
trices.

RESULTS

In general, the biomass parameters (chlorophyll a, dry
weight, total protein) were significantly correlated in the dif-
ferent experiments. In the salinity experiment, dry weight and
salinity had a positive correlation (P < 0.001) indicating that
the filters used for dry weight determinations retained salt;
thus, dry weight was not valid for estimating growth in the
salinity experiment.

Biomass (chlorophyll a) and normalized nitrogen fixation
rates of both strains correlated positively (P < 0.05) in NO5-N
experiments. The same was true for A. flos-aquae in the phos-
phorus experiment (P < 0.001). On the other hand, nitrogen
fixation rates per volume and biomass correlated positively
(P < 0.01) in all experiments, except for A. flos-aquae in the
bacterium experiment. Also, biomass and intracellular toxin
correlated positively (P < 0.005) in all experiments (not exam-
ined in nitrogen experiments). Due to the poor growth of N.
spumigena during the first 21 days of incubation in the phos-
phorus experiment, the correlation test was made only for the
data from day 43. The test showed that chlorophyll a corre-
lated positively with intra- and extracellular toxin concentra-
tions (P < 0.01).

The normalized nitrogen fixation rates [in millimoles of eth-
ylene (gram of chlorophyll @) ! hour '] were generally highest
during the first week of the experiment and then decreased.
Nitrogen fixation was often highest in conditions which pro-
moted the growth. However, A. flos-aquae showed different
responses for nitrogen fixation rates and biomass in tempera-
ture, light, and phosphorus experiments, and both strains
showed different responses in the bacterium experiment. The
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frequency of heterocysts and normalized nitrogen fixation rate
of A. flos-aquae were positively related in bacterium (P < 0.05),
temperature (P < 0.01), phosphorus (P < 0.05), and nitrate
(P < 0.001) experiments (not determined for the light exper-
iment). Positive relationships between the frequency of het-
erocysts and nitrogen fixation rate of N. spumigena were found
in salinity (P < 0.05) and ammonium (P < 0.01) experiments
(not determined for light and phosphorus experiments). Al-
though the heterocyst frequency of A. flos-aquae was lower (ca.
10 mm ') than that of N. spumigena (30 to 40 mm ') (data not
shown), the nitrogen fixation rates were higher in A. flos-aquae
than in N. spumigena. The filament length and heterocyst fre-
quency of A. flos-aquae were positively related in temperature
(P < 0.01), salinity (P < 0.01), ammonium (P < 0.001), and
nitrate (P < 0.01) experiments (not determined for the light
experiment). A positive relationship between the filament
length and heterocyst frequency of N. spumigena was found
only in the salinity experiment (P < 0.05) (not determined for
light and phosphorus experiments).

Accompanying bacteria. The number of heterotrophic bac-
teria (Fig. 1a) and the bacterial production (Fig. 1b) of both
nonaxenic cultures increased during the study period. No thy-
midine incorporation was detected in the axenic strains. The
nonaxenic N. spumigena and A. flos-aquae cultures grew better
than the axenic ones (Fig. 1c), but no clear differences between
axenic and nonaxenic cultures in nitrogen fixation rates (Fig.
1d) or intra- and extracellular toxin concentrations (Fig. 1e and
f) were noticed. In the nonaxenic cultures, the filaments were
longer and the heterocyst frequencies were higher than in the
axenic cultures (data not shown).

Temperature. The growth of N. spumigena was low during
the first 11 days, after which the strain grew best at the highest
temperatures studied (25 to 28°C), while A. flos-aquae grew
best at 16 to 22°C (Fig. 2a and b). A rise in the temperature
increased the biomass of N. spumigena (positive linear regres-
sion coefficient, P < 0.001). During the time course, the bio-
mass of N. spumigena decreased at low temperature and in-
creased at high temperature (P < 0.001, positive regression
coefficient for the coeffect). For A. flos-aquae the highest ni-
trogen fixation rates were seen at lower temperatures than the
optimum growth temperature (Fig. 2c), but nitrogen fixation
rates of N. spumigena were highest in the cultures that grew
best (Fig. 2d). At temperatures of 7, 10, and 16°C, biomass
remained too low for nodularin measurements (Fig. 2e). Ex-
tracellular toxin concentrations were highest at the highest
temperatures studied (Fig. 2f).

Light flux. A. flos-aquae grew best at low irradiances (25 to
45 wmol m~2 s~ 1) (Fig. 3a), but highest nitrogen fixation rates
were found from cultures grown at high irradiances (Fig. 3c).
N. spumigena preferred higher irradiances (45 to 155 pmol
m > s~ 1) (Fig. 3b and d). The positive impact of high light on
the biomass of N. spumigena was also shown by the positive
linear regression coefficient of light (P < 0.001). Light and time
had a coeffect on the biomass of N. spumigena (positive cor-
relation coefficient, P < 0.01): during the time course the
biomass decreased at low light and increased at high light.
Intra- and extracellular toxin concentrations were highest at
the highest irradiances (Fig. 3e and f).

Salinity. A. flos-aquae tolerated salinities from freshwater to
10%o (Fig. 4a and c). The significant negative linear regression
coefficient of salinity (P < 0.001) showed the negative impact
of high salinities on the biomass of A. flos-aquae. The biomass
of A. flos-aquae increased at low salinity and decreased at high
salinity during the time course (negative regression coefficient
for the coeffect, P < 0.001). The nitrogen fixation rates of A.
flos-aquae were similar in salinities of 0, 5, and 10%o (Fig. 4c),
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but the growth in 0%o and 5%0 was much faster than in 10%o
(Fig. 4a). The biomass of N. spumigena was higher at moderate
salinities (5 to 20%o) than at low (0%o) or high (30%o) ones
(Fig. 4b). Also, the negative regression coefficient for the qua-
dratic effect of salinity (P < 0.001) showed the decreasing
effect of low and high salinities on the biomass of N. spumi-
gena. The nitrogen fixation rate of N. spumigena was first pro-
moted by the highest salinity, but later the nitrogen fixation
rate was lowest in the highest salinity and highest at moderate
salinities (Fig. 4d). The N. spumigena cells which grew best
contained the highest toxin concentrations (Fig. 4e). The high-
est extracellular toxin concentrations were found at salinities of
5 to 10%o (Fig. 4f).

Phosphorus. Phosphate concentrations of 200 pg liter ' or
higher promoted the growth of A. flos-aquae (Fig. 5a). The
nitrogen fixation rate of A. flos-aquae was also first increased
by high phosphorus, but later no differences between the phos-
phorus concentrations were seen (Fig. 5c). Heterocyst fre-
quency was clearly highest in the two highest phosphorus en-
richments, implying high nitrogen fixation activity (data not
shown). The growth of N. spumigena was low during the first 21
days (Fig. 5b). The nitrogen fixation rate of N. spumigena was
barely detectable during the first 21 days (data not shown). On
day 43 the biomasses (Fig. 5b) and the toxin concentrations
(Fig. 5d and e) were high in the phosphorus-rich media and
low under phosphate limitation.

Nitrogen. Cultures showed no differences in biomasses, ni-
trogen fixation rates, or nodularin concentrations in NO5;-N
concentrations of 0 to 2,000 pg liter ! (data not shown). The
same was true for A. flos-aquae in similar NH,-N concentra-
tions (data not shown). The highest nitrogen concentration
used (42,000 pg liter ') decreased growth, nitrogen fixation
rate, and nodularin production and lowered the heterocyst
frequency (data not shown). The negative regression coeffi-
cient for the coeffect of time and ammonium (P < 0.05) sug-
gested that during the time course, the biomass of N. spumi-
gena increased under low extracellular NH,-N concentrations
and decreased at high concentrations. Also, ammonium itself
was shown to have a significant negative effect on the biomass
of N. spumigena (linear regression coefficient, P < 0.01).

DISCUSSION

In the Baltic Sea, N. spumigena and A. flos-aquae show
different patterns in their horizontal distribution. With the
increasing salinity from freshwater in the north to approxi-
mately 15%o salinity in the southern Baltic proper, the abun-
dance of A. flos-aquae decreases while the abundance of N.
spumigena increases (25). In the northern part of the Gulf of
Bothnia where salinity approaches freshwater, N. spumigena is
absent. The growth and nitrogen fixation rates of our N. spu-
migena isolate were highest in the same salinity range (5 to
20%o0) in which the species forms mass occurrences in the
Baltic Sea and other brackish waters (for a review, see refer-
ence 14). The incapability of 4. flos-aquae to tolerate salinities
higher than 10%o suggests that salinity is an important factor
limiting the distribution of this species.

The effects of temperature and light are seen in the seasonal
and vertical abundance of N. spumigena and A. flos-aquae. The
occurrence of N. spumigena blooms is restricted to summer
months when the water temperature reaches about 15°C and
the water mass is vertically stable (10, 14). A. flos-aquae is
abundant in the water mass during the whole year, thus show-
ing the ability to grow in low temperatures (25), which was also
shown by this study. Vertically, A. flos-aquae is more homoge-



1650 LEHTIMAKI ET AL.

APPL. ENVIRON. MICROBIOL.

a 12
107 + b 80 —
10° =
‘ E
= 6 2
® 10° + Culture 5
8 —&—nonax. N. spumigena E,
—a&—nonax. A. flos- 5
100 1 aquae g
o
1 + } } + { 4
0 5 10 15 20 25 25
Time (d)
Culture
C a3 ' d
ax. N. spumigena
nonax. N. spumigena
%ax. A. flos-aquae
254 nonax. A. flos-aquae 20
- 2 N
: ® 15
= 15 8
> £%10
E 2=
1 4 S 5
Eo
0.5 5
0 - 0¥ + + + Y ~i
0 5 10 15 20 25 0 5 10 15 20 25
Time (d) Time (d)
3. Culture f N. spumigena
30 —oO—ax. N. spumigena
%g —e—nonax. N.spumigena 60 1
3
© T~
= =
£ o 07
g <
Q 8
2 2 201
; £
2
0 t } t { { 0 } 4 4 } |
0 5 10 15 20 25 0 5 10 15 20 25
Time (d) Time (d)

FIG. 1. Number (a) and production (b) of accompanying bacteria in nonaxenic (nonax.) cultures, and the effect of axenity on the biomass (c) and nitrogen fixation
rate (d) of A. flos-aquae and N. spumigena cultures, and on intracellular (IC) (e) and extracellular (EC) (f) toxin concentrations. Percent coefficient of variation was
generally =20 in panels b, ¢, and e; =40 in panel d; and =30 in panel f, but in the cultures with poor growth it increased.

neously distributed than N. spumigena, which usually occurs
only in the upper mixed layer and forms scums onto the water
surface. In this study, N. spumigena grew fastest at tempera-
tures of 25 to 28°C, showing a capacity to tolerate much higher
temperatures than it experiences in its natural environment. Its

growth rate was slower at temperatures below 16°C than at
higher temperatures, which has been also observed in the field
(10, 14). The preference of A. flos-aquae for low light flux and
that of N. spumigena for high light mirrored their vertical
distribution patterns in the field. The growth and nitrogen
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FIG. 2. Effect of temperature on the biomass (a and b) and nitrogen fixation rate (¢ and d) of 4. flos-aquae and N. spumigena cultures and on intracellular (IC)
(average values during the time course) (e) and extracellular (EC) (f) toxin concentrations. Percent coefficient of variation was generally =40 in panels a to d and <30

in panel f, but in the cultures with poor growth it increased. *, missing samples.

fixation rates of N. spumigena were stimulated by highest irra-
diances tested.

High phosphorus concentration and low N:P-ratio promote
mass occurrences of A. flos-aquae and N. spumigena in the

Baltic Sea (10, 14). Also, phosphorus enrichment studies have
been shown to stimulate growth of Baltic Sea cyanobacteria
(20, 31). The slow growth of N. spumigena during the phos-
phorus experiment in this study was probably due to phospho-
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rus starvation of the inoculum. The phosphorus starvation did
not affect the biomass of A. flos-aquae, which may be due to its
higher cellular phosphorus pools or lower phosphorus demand
compared to N. spumigena. The effective utilization of high

phosphorus concentration by A4. flos-aquae seems to be its
strategy to form blooms in frontal and upwelling regions in the
Baltic Sea (reference 14 and references therein), but the dif-
ferences in phosphorus uptake kinetics between A. flos-aquae
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and N. spumigena and their abilities to store phosphorus re-
quire future studies.

Even low ammonium concentrations have been related to
disappearance of heterocysts and nitrogen fixation of N. spu-
migena (11, 34). In this study, a decrease in biomass of N.

spumigena was also seen when ammonium was present. The
highest nitrogen concentrations used in this study were detri-
mental to the growth and nitrogen fixation of 4. flos-aquae and
N. spumigena.

Nitrogen fixation rate was often, but not always, highest
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FIG. 5. Effect of phosphate on the biomass (a and b) and nitrogen fixation rate (c) of A. flos-aquae and N. spumigena cultures and on intracellular (IC) (d) and
extracellular (EC) (e) toxin concentrations (toxin concentrations are average values of the replicates on day 43). Percent coefficient of variation was generally =30 in

panels a to c, but in the cultures with poor growth it increased.

under conditions which promoted growth and lowest in cul-
tures with poor growth. The highest nitrogen fixation rates
were seen at the beginning of the exponential growth phase,
and usually the nitrogen fixation rate decreased towards the

stationary growth phase. The decrease in nitrogen fixation rate
in the course of long-term experiments, with the time scale of
days, is usual (11, 34) and may be due to physiological changes
in the cultures as they age. Therefore, as the cells reach sta-
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tionary phase, the effect of treatment on the nitrogen fixation
rate may be overridden by the effect of time (see phosphorus
experiment for A. flos-aquae and bacteria and salinity experi-
ment for both species). Because heterocysts are the primary
location for nitrogenase, the frequency of these specialized
cells is usually indicative of nitrogen fixation activity level in
cyanobacterial filaments (9, 18). In this study, heterocyst fre-
quency and nitrogen fixation rate of A. flos-aquae were posi-
tively related in many experiments. Moreover, the decrease in
filament length of 4. flos-aquae may indicate a decrease in its
nitrogen fixation rate. In spite of the lower heterocyst fre-
quency in A. flos-aquae than in N. spumigena (references 18,
22, and 25 and this study), the nitrogen fixation rate was gen-
erally higher in A. flos-aquae than in N. spumigena. These
observations indicate differences in nitrogen fixation potential
in heterocysts of these two species or distribution of nitroge-
nase in vegetative cells in A. flos-aquae.

The positive impact of accompanying bacteria on the growth
and nitrogen fixation rate of cyanobacteria was previously
shown for Anabaena cylindrica (19). In this study, only growth
was promoted by accompanying bacteria. In the presence of
heterotrophic bacteria, cyanobacteria may overcome oxygen
concentrations inhibiting nitrogenase or carbon concentrations
limiting photosynthesis (26). The possibility that the accompa-
nying bacteria in our experiment were nitrogen fixers cannot be
ruled out.

The factors favoring growth and nitrogen fixation generally
increased toxin concentrations in the cells of N. spumigena. In
this study, the optimum salinity for toxin production of N.
spumigena was similar to that for growth. In previous studies,
temperature and light flux have been shown to control toxin
production in many cyanobacteria, such as Anabaena (27, 28),
Microcystis (5, 39), Nodularia (17), and Oscillatoria (35). The
same was true in this study, in which the highest toxin concen-
trations in N. spumigena were found at highest studied irradi-
ances and temperatures. In addition, high phosphate concen-
tration seems to increase the toxin production of N. spumigena
(reference 17 and this study). These results are in line with
those from studies with hepatotoxic Anabaena (28), Microcystis
(16), and Oscillatoria (35). On the other hand, the neurotoxin
(anatoxin a) production of Anabaena and Aphanizomenon was
not altered by phosphate, although the lowest concentrations
limited their growth (27). The negative effect of nitrogen on
the nodularin production in N. spumigena was seen only in the
highest nitrogen concentration, the same concentration which
inhibited its growth and nitrogen fixation rate. Previously, ni-
trogen has been shown to decrease toxin concentration in
Anabaena and Aphanizomenon (27, 28), but it seemed to in-
crease toxin production of nonheterocystous cyanobacteria (5,
35). The associated bacteria had no effect on toxin production
of Oscillatoria (35) or Nodularia (this study). In some cases, the
responses in intracellular toxin concentrations paralleled the
responses in nitrogen fixation rates. This observation needs
further study, because cyanobacterial toxins have been sug-
gested to act like metal-complexing siderophores (12) and ni-
trogenase enzyme requires iron as an essential cofactor. Toxin
production of Microcystis aeruginosa has been shown to be
influenced by iron (reference 40 and references therein).
Moreover, the toxin-producing M. aeruginosa strain had a
more efficient iron uptake system than the strain that did not
produce toxin (40).

The concentrations of nodularin in growth media increased
during the study period, probably as a result of the lysis of the
cells. Cyanobacterial toxins are known to remain inside the
cells and to be released into the growth medium when the cells
die (3). According to this study, growth in different tempera-
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ture, light, salinity, and phosphorus conditions may have an
effect on the release of nodularin.

Several environmental factors controlled the growth and
nitrogen fixation rate of A. flos-aquae and N. spumigena, as well
as the nodularin production of N. spumigena. The two species
showed different responses to changes in salinity, irradiance,
temperature, and phosphorus. The results give physiological
evidence which may explain the spatial and temporal distribu-
tion of these species in the Baltic Sea environment. According
to this study, high irradiance, high temperature, and high phos-
phorus concentration may promote toxic blooms of N. spumi-
gena in the Baltic Sea.
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